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Including the orbital off-diagonal spin and charge condensates in the self consistent
determination of magnetic order within a realistic three-orbital model for the 4d4
compound Ca2RuO4, reveals a host of novel features including strong and anisotropic
spin-orbit coupling (SOC) renormalization, coupling of strong orbital magnetic mo-
ments to orbital fields, and a magnetic reorientation transition. Highlighting the
rich interplay between orbital geometry and overlap, spin-orbit coupling, Coulomb
interactions, tetragonal distortion, and staggered octahedral tilting and rotation, our
investigation yields a planar antiferromagnetic (AFM) order for moderate tetragonal
distortion, with easy a−b plane and easy b axis anisotropies, along with small canting
of the dominantly yz, xz orbital moments. With decreasing tetragonal distortion, we
find a magnetic reorientation transition from the dominantly planar AFM order to
a dominantly c axis ferromagnetic (FM) order with significant xy orbital moment.
2I. INTRODUCTION
The interplay of spin-orbit coupling (SOC) with electronic correlations and crystal field
splittings has been found to drive various topologically nontrivial phases in condensed mat-
ter systems such as topological Mott insulators, quantum spin liquids, and superconducting
states.1,2 The 4d and 5d transition metal oxides containing Ru4+, Os4+, Ir4+, Ir5+ ions have
emerged as promising candidates exhibiting SOC-induced exotic ground states, magnetic
anisotropy effects, and intriguing collective excitations. SOC effects in the d5 systems are
more transparent and well understood in terms of the spin-orbital entangled electronic states
with nominally filled J = 3/2 quartet and half-filled magnetically active J = 1/2 doublets.3
The isospin dynamics involving J states provides insight into the experimentally observed
magnetic behavior in perovskite iridates as well as iridate heterostructures which are gain-
ing interest as their magnetic properties are much more sensitive to structural distortion
compared to pure spin systems due to spin-orbital entanglement.4–7
However, the situation is very different in d4 systems with four electrons per metal ion.
For strong SOC, all four electrons fill the J = 3/2 sector, leaving the J = 1/2 sector empty
and naturally leading to non-magnetic insulating behavior.8 Similarly, for strong Hund’s
coupling, total spin moment S = 1 antiparallel to the orbital moment L = 1 leads to total
angular momentum J = 0 on every metal ion with no magnetism. Thus, both scenarios lead
to the non-magnetic J = 0 singlet ground state for d4 systems. However, magnetism has been
revealed in some double perovskite iridates and ruthenates with d4 electronic configuration,
and the origin of magnetism is under investigation.9–13
Among d4 systems, the quasi-two-dimensional antiferromagnet Ca2RuO4 has attracted
strong interest. With decreasing temperature, it undergoes a peculiar non-magnetic metal-
insulator transition (MIT) at 356 K, and a magnetic transition at TN ≈ 113 K with observed
magnetic moment of 1.3 µB.
14–17 Under high pressure and at low temperature, Ca2RuO4
undergoes a transition to a ferromagnetic (FM) metallic phase, with maximum TC ≈ 30 K
at 5 GPa pressure,18 and the existence of a FM quantum critical point at pressures above
10 GPa is indicated. The MIT is associated with a structural transition from L-phase
(long octahedral c-axis) to S-phase (short c-axis) due to continuous flattening of octahedra
till the onset of antiferromagnetic (AFM) order at TN.
19 Compared to the isoelectronic
member Sr2RuO4,
17,20 this system has severe structural distortions due to the small Ca2+
3size, resulting in compression, rotation, and tilting of the RuO6 octahedra. Thus, the low-
temperature phase is characterized by highly distorted RuO6 octahedra and canted AFM
order with moments lying along the crystal b axis.21,22 Such transitions have been identified
in temperature,23 hydrostatic pressure,24 epitaxial strain,25 chemical substitution,18,20,26 and
electrical current27–29 studies of Ca2RuO4.
In the isoelectronic series Ca2−xSrxRuO4, the ground state has been successively driven
from the AFM insulator (x < 0.2) to an AFM correlated metal (0.2 < x < 0.5), a nearly
FM metal (x ∼ 0.5), and finally to a non-magnetic two-dimensional Fermi liquid (x ∼ 2).
Since the substitution is isovalent, the dominant effects are structural modifications due to
larger Sr ionic size.23 With increasing x, the distortion occurs in steps, resulting in removal
of first the flattening of the octahedra, then the tilting, and finally the rotation around the
c axis.17,21,30 Only the magnetism of Ca2−xSrxRuO4 is affected in the sequence given above
by the substitution induced structural distortions, and not the electronic structure.
In the literature, mainly two different scenarios have been discussed for classifying the
magnetism in Ca2RuO4. In the first, octahedral compression induced large tetragonal crystal
field (≈ 0.3 eV) lifts the degeneracy of the t2g orbitals by lowering the xy orbital energy.
Based on DFT calculations,19,30–32 which agree with X-ray scattering as well as angle resolved
photoemission spectroscopy (ARPES) studies,33,34 the xy orbital is nominally filled, and the
half-filled yz, xz orbitals form a spin S = 1 state. Further, low octahedral symmetry around
the Ru ion is believed to quench the orbital moment completely. Thus, the ordering of S = 1
spins supports a more conventional explanation for the magnetism with a negligible role of
SOC. However, the presence of the strong in-plane anisotropy in the magnon dispersion
indicates the importance of SOC in tuning the magnetic anisotropy in the system.22
In the second scenario, Ca2RuO4, with only moderate SOC strength, has been argued as a
possible candidate for excitonic antiferromagnetism. If the superexchange involving excited
magnetic states (triplet J = 1) is strong enough to compete with the singlet-triplet splitting
caused by SOC, the on-site wave function becomes a superposition of J = 0, 1 states and
acquires a magnetic moment.35–39 This picture is supported by the observed unconventional
magnetic excitation spectra from the recent inelastic neutron scattering (INS) and resonant
inelasic X-ray scattering (RIXS) experiments.33,40–42 Spin-wave dispersion in the INS study
has revealed a global maximum at the Brillouin zone center, which is in sharp contrast to
the S = 1 quantum Heisenberg antiferromagnet (QHAF), and has been interpreted as a sign
4of such excitonic magnetism in Ca2RuO4.
40
While numerous computational and experimental techniques have been applied,34,43–48
very little is known about the electronic band structure of Ca2RuO4 in the low-temperature
AFM state. Earlier numerical calculations within three orbital models have adopted simpli-
fied Hamiltonians to discuss the mechanism of metal-insulator transition and magnetism.49,50
However, realistic hoppings, structural distortions, SOC, and electronic correlations were not
considered on an equal footing in these simplistic models. Earlier works have also lacked
in fully accounting for the Coulomb interaction effects, especially those associated with or-
bital off-diagonal spin and charge correlations. Indeed, the effective SOC strength ∼ 200
meV extracted from ARPES and RIXS studies33,51 indicates a strong correlation-induced
enhancement compared to the predicted theoretical value ∼ 100 meV.35,36
The richness and complexity displayed in structural, magnetic, and transport properties
of this system, along with intimate couplings between lattice, spin, and charge degrees of
freedom, have led to difficulty in realistic modeling of these phenomena. Classification of
the nature of magnetic ground state and the role of SOC and distortion effects in tuning
the magnetic behavior of Ca2RuO4 therefore remains far from being well understood. A
delicate interplay of different Coulomb interaction terms with SOC may lead to complex
and nontrivial behavior of orbital and spin degrees of freedom. Investigation of magnetic
ordering, anisotropy, and electronic band structure in Ca2RuO4 by incorporating the SOC,
structural distortions, and multi-orbital Coulomb interaction terms on an equal footing is
therefore of strong interest.
For a multi-orbital interacting electron system, a general treatment of the various
Coulomb interaction terms in the Hartree-Fock (HF) approximation yields, besides the con-
tributions from the normal (orbital diagonal) spin and charge density condensates, additional
contributions involving orbital off-diagonal condensates. Since the SOC and orbital angular
momentum terms involve orbital off-diagonal one-body operators, due to interplay between
strong SOC-induced spin-orbital correlations and Coulomb interactions, Ca2RuO4 presents
a case where the off-diagonal condensates should play an important role in determining
the magnetic order and anisotropy. However, these aspects have not been systematically
investigated within the itinerant electron picture.
5In this work, all orbital off-diagonal spin 〈ψ†µσψν〉 and charge 〈ψ†µ1ψν〉 condensates will
therefore be included, and a self consistent determination of magnetic order and anisotropy
will be carried out within a realistic three-orbital interacting electron model for Ca2RuO4
in the t2g manifold of the µ, ν = yz, xz, xy orbitals. The orbital off-diagonal spin and charge
condensates will be seen to result in strong and anisotropic SOC renormalization and strong
orbital magnetic moments 〈Lx,y,z〉 in the magnetic ground state. We will first focus on
the planar AFM order with dominantly yz, xz moments, which is realized for moderate
tetragonal distortion. However, with decreasing tetragonal distortion, we find a magnetic
reorientation transition to a dominantly c axis ferromagnetic (FM) order, as seen in high-
pressure investigations of Ca2RuO4.
18
The structure of this paper is as follows. After introducing the three-orbital model and
Coulomb interaction terms in Sec. II, the SOC-induced easy-plane anisotropy and the
octahedral tilting induced easy-axis anisotropy are discussed in Secs. III and IV. Results
of the self-consistent determination of magnetic order including all orbital off-diagonal spin
and charge condensates in the HF approximation are presented in Sec. V, together with
the orbital resolved electronic band structure. The orbital magnetic moments and Coulomb
interaction induced anisotropic SOC renormalization are discussed in Sec. VI, and the
magnetic reorientation transition in Sec. VII. After some observations on the strong spin-
orbital-charge coupling in Sec. VIII, conclusions are finally presented in Sec. IX.
II. THREE ORBITAL MODEL AND COULOMB INTERACTIONS
In the three-orbital (µ = yz, xz, xy), two-spin (σ =↑, ↓) basis defined with respect to a
common spin-orbital coordinate axes (Fig. 1), we consider the Hamiltonian H = HSOC +
Hcf + Hband + Hint within the t2g manifold. The spin-orbit coupling term HSOC, which
explicitly breaks SU(2) spin rotation symmetry and therefore generates anisotropic magnetic
interactions from its interplay with other Hamiltonian terms, will be introduced in the next
section.
6For the band and crystal field terms together, we consider:
Hband+cf =
∑
kσs
ψ†kσs




ǫyzk
′ 0 0
0 ǫxzk
′ 0
0 0 ǫxyk
′
+ ǫxy

 δss′ +


ǫyzk ǫ
yz|xz
k ǫ
yz|xy
k
−ǫyz|xzk ǫxzk ǫxz|xyk
−ǫyz|xyk −ǫxz|xyk ǫxyk

 δs¯s′

ψkσs′
(1)
in the composite three-orbital, two-sublattice (s, s′ = A,B) basis. Here the energy offset
ǫxy (relative to the degenerate yz/xz orbitals) represents the tetragonal distortion induced
crystal field effect, and the band dispersion terms in the two groups, corresponding to
hopping terms connecting the same and opposite sublattice(s), are given by:
ǫxyk = −2t1(cos kx + cos ky)
ǫxyk
′
= −4t2 cos kx cos ky − 2t3(cos 2kx + cos 2ky)
ǫyzk = −2t5 cos kx − 2t4 cos ky
ǫxzk = −2t4 cos kx − 2t5 cos ky
ǫ
yz|xz
k = −2tm1(cos kx + cos ky)
ǫ
xz|xy
k = −2tm2(2 cos kx + cos ky)
ǫ
yz|xy
k = −2tm3(cos kx + 2 cos ky). (2)
Here t1, t2, t3 are respectively the first, second, and third neighbor hopping terms for
the xy orbital. For the yz (xz) orbital, t4 and t5 are the NN hopping terms in y (x) and
x (y) directions, respectively, corresponding to π and δ orbital overlaps. Octahedral ro-
tation and tilting induced orbital mixings are represented by the NN hopping terms tm1
(between yz and xz) and tm2, tm3 (between xy and xz, yz). We have taken hopping pa-
rameter values: (t1, t2, t3, t4, t5)=(−1.0, 0.5, 0,−1.0, 0.2), and for the orbital mixing terms:
tm1=0.2 and tm2=tm3=0.15 (≈ 0.2/
√
2), all in units of the realistic hopping energy scale
|t1|=200meV.35,36,39 The choice tm2 = tm3 corresponds to the octahedral tilting axis oriented
along the ±(−xˆ + yˆ) direction, which is equivalent to the crystal ∓a direction (Fig. 1).
The tm1 and tm2,m3 values taken above approximately correspond to octahedral rotation and
tilting angles of about 12◦ (≈ 0.2 rad) as reported in experimental studies.24
7(a) (b)
FIG. 1: The common spin-orbital coordinate axes (x − y) along the Ru-O-Ru directions, shown
along with the crystal axes a, b. Octahedral tilting about the crystal a axis is resolved along the
x, y axes, resulting in orbital mixing hopping terms between the xy and yz, xz orbitals.
For the on-site Coulomb interaction terms in the t2g basis (µ, ν = yz, xz, xy), we consider:
Hint = U
∑
i,µ
niµ↑niµ↓ + U
′
∑
i,µ<ν,σ
niµσniνσ + (U
′ − JH)
∑
i,µ<ν,σ
niµσniνσ
+ JH
∑
i,µ6=ν
a†iµ↑a
†
iν↓aiµ↓aiν↑ + JP
∑
i,µ6=ν
a†iµ↑a
†
iµ↓aiν↓aiν↑
= U
∑
i,µ
niµ↑niµ↓ + U
′′
∑
i,µ<ν
niµniν − 2JH
∑
i,µ<ν
Siµ.Siν + JP
∑
i,µ6=ν
a†iµ↑a
†
iµ↓aiν↓aiν↑ (3)
including the intra-orbital (U) and inter-orbital (U ′) density interaction terms, the Hund’s
coupling term (JH), and the pair hopping interaction term (JP), with U
′′ ≡ U ′ − JH/2 =
U − 5JH/2 from the spherical symmetry condition U ′ = U − 2JH. Here a†iµσ and aiµσ are
the electron creation and annihilation operators for site i, orbital µ, spin σ =↑, ↓, and the
density operator niµσ = a
†
iµσaiµσ, total density operator niµ = niµ↑ +niµ↓ = ψ
†
iµψiµ, and spin
density operator Siµ = ψ
†
iµσψiµ, where ψ
†
iµ = (a
†
iµ↑ a
†
iµ↓). All interaction terms above are
SU(2) invariant and thus possess spin rotation symmetry in real-spin space. In the following,
we will take U = 8 in the energy scale unit (200 meV) and JH = U/5, so that U = 1.6eV,
U ′′ = U/2 = 0.8eV, and JH = 0.32eV. These are comparable to reported values extracted
from RIXS (JH = 0.34eV) and ARPES (JH = 0.4eV) studies.
34,42
For moderate tetragonal distortion (ǫxy ≈ −1), the xy orbital in the 4d4 compound
Ca2RuO4 is nominally doubly occupied and magnetically inactive, while the nominally half-
filled and magnetically active yz, xz orbitals yield an effectively two-orbital magnetic system.
8Hund’s coupling between the two S = 1/2 spins results in low-lying (in-phase) and apprecia-
bly gapped (out-of-phase) spin fluctuation modes. The in-phase modes of the yz, xz orbital
S = 1/2 spins correspond to an effective S = 1 spin system. However, the rich interplay be-
tween SOC, Coulomb interaction, octahedral rotations, and tetragonal distortion results in
complex magnetic behaviour which crucially involves the xy orbital and is therefore beyond
the above simplistic picture. Before proceeding with the self-consistent determination of
magnetic order (Sec. V), some of the important physical elements are individually discussed
below.
III. SOC INDUCED EASY PLANE ANISOTROPY
The bare spin-orbit coupling term (for site i) can be written in spin space as:
HSOC(i) = −λL.S = −λ(LzSz + LxSx + LySy)
=

(ψ†yz↑ ψ†yz↓)(iσzλ/2)

ψxz↑
ψxz↓

+ (ψ†xz↑ ψ†xz↓)(iσxλ/2)

ψxy↑
ψxy↓


+
(
ψ†xy↑ ψ
†
xy↓
)(
iσyλ/2
)ψyz↑
ψyz↓



+H.c. (4)
which explicitly shows the SU(2) spin rotation symmetry breaking. Here we have used the
matrix representations:
Lz =


0 −i 0
i 0 0
0 0 0

 , Lx =


0 0 0
0 0 −i
0 i 0

 , Ly =


0 0 i
0 0 0
−i 0 0

 , (5)
for the orbital angular momentum operators in the three-orbital (yz, xz, xy) basis.
As the orbital “hopping” terms in Eq. (4) have the same form as spin-dependent hopping
terms iσ.t′
ij
, carrying out the strong-coupling expansion52 for the −λLzSz term to second
order in λ yields the anisotropic diagonal (AD) intra-site interactions:
[H
(2)
eff ]
(z)
AD(i) =
4(λ/2)2
U
[
SzyzS
z
xz − (SxyzSxxz + SyyzSyxz)
]
(6)
between yz, xz moments in these nominally half-filled orbitals. Corresponding to an effective
single-ion anisotropy (SIA), this term explicitly yields preferential x− y plane ordering for
parallel yz, xz moments, as enforced by the relatively stronger Hund’s coupling.
9For later reference, we note here that condensates of the orbital off-diagonal one-body
operators as in Eq. (4) directly yield physical quantities such as orbital magnetic moments
and spin-orbital correlations:
〈Lα〉 = −i
[〈ψ†µψν〉 − 〈ψ†µψν〉∗] = 2 Im〈ψ†µψν〉
〈LαSα〉 = −i
[〈ψ†µσαψν〉 − 〈ψ†µσαψν〉∗] /2 = Im〈ψ†µσαψν〉
λintα ≈ U ′′〈LαSα〉 (7)
where the orbital pair (µ, ν) corresponds to the component α = x, y, z, and the last yields
the interaction induced SOC renormalization, as discussed in Sec. VI.
IV. OCTAHEDRAL TILTING AND EASY-AXIS ANISOTROPY
While SOC directly induces an easy x − y plane anisotropy, interplay between the stag-
gered octahedral tilting in Ca2RuO4 and SOC yields an easy-axis anisotropy along the xˆ+ yˆ
direction, which is same as the crystal b direction. Octahedral tilting generates orbital mix-
ing hopping terms between xy and yz, xz orbitals (Eq. 2). These normal NN hopping terms,
together with the local spin-flip SOC mixing terms between xy and yz, xz orbitals, lead to
effective spin-dependent NN hopping terms:
H′eff =
∑
〈i,j〉,µ
ψ†iµ[−iσ.t′]ψjµ +H.c. (8)
for the magnetically active (µ = yz, xz) orbitals. The hopping terms are bond dependent,
with only finite t′x (t
′
y) between xz (yz) orbital in the x (y) direction. Within the usual
strong-coupling expansion, the combination of the normal (t) and spin-dependent (t′x, t
′
y)
hopping terms generates Dzyaloshinski-Moriya (DM) interaction terms in the effective spin
model:
[H
(2)
eff ]
(x,y)
DM =
8tt′x
U
∑
〈i,j〉x
xˆ.(Si,xz × Sj,xz) +
8tt′y
U
∑
〈i,j〉y
yˆ.(Si,yz × Sj,yz)
≈ 8t|t
′
x|
U
∑
〈i,j〉
(−xˆ+ yˆ).(Si × Sj) (9)
for t′x = −t′y = −ive and Si,xz ≈ Si,yz due to the relatively much stronger Hund’s coupling.
The effective DM axis (−xˆ + yˆ) is along the octahedral tilting axis, which is same as the
crystal −a axis (Fig. 1).
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FIG. 2: Spin cantings about the (a) crystal a axis and (b) crystal c axis, due to the effective DM
interactions induced by the staggered octahedral tilting and rotation, respectively. Octahedral
tilting about crystal a axis yields the perpendicular (crystal b) direction as the magnetic easy axis.
The easy-axis anisotropy as well as spin canting in the z direction follow directly from
the above DM interaction, which induces spin canting about the DM axis and favors spins
lying in the perpendicular plane. Intersection of the perpendicular plane (φ = π/4, z) and
the SOC-induced easy x − y plane yields φ = π/4 as the easy-axis direction, and canting
about the DM axis yields spin canting in the z direction, as shown in Fig. 2(a).
In close analogy with the above effects of octahedral tilting, the staggered octahedral
rotation about the crystal c axis leads to orbital mixing hopping terms between yz, xz
orbitals on NN sites, and hence to effective spin-dependent NN hopping terms t′z in Eq. (8).
The resulting effective DM term −(8tt′z/U)zˆ.(Si×Sj) causes spin canting about the crystal
c axis, as shown in Fig. 2(b). The easy-axis anisotropy as well as the two spin cantings of
the dominant yz, xz moments are confirmed in the full self-consistent calculation discussed
below. Also, the effective spin dependent hopping terms discussed above are explicitly
confirmed from the electronic band structure features in the self consistent state.
Before continuing with the other important physical elements, it is convenient to first
systematically introduce the different Coulomb interaction contributions in the HF theory.
Contributions involving the orbital off-diagonal spin and charge condensates naturally lead
to interaction induced SOC renormalization and coupling of orbital magnetic moments to
orbital fields.
11
V. SELF-CONSISTENT DETERMINATION OF MAGNETIC ORDER
We consider the various Coulomb interaction terms in Eq. (3) in the HF approximation,
focussing first on the terms with normal (orbital diagonal) spin and charge condensates.
The resulting local spin and charge terms can be written as:
[HHFint ]normal =
∑
iµ
ψ†iµ [−σ.∆iµ + Eiµ1]ψiµ (10)
where the spin and charge fields are self-consistently determined from:
2∆αiµ = U〈σαiµ〉+ JH
∑
ν<µ
〈σαiν〉 (α = x, y, z)
Eiµ = U〈niµ〉
2
+ U ′′
∑
ν<µ
〈niν〉 (11)
in terms of the local charge density 〈niµ〉 and the spin density components 〈σαiµ〉. For
〈nyz〉 = 〈nxz〉, the Coulomb renormalized tetragonal splitting is obtained as:
δ˜tet = ǫ˜xz,yz − ǫ˜xy = (ǫxz,yz − ǫxy) + [Eyz,xz − Exy]
= δtet +
[
U〈nyz,xz〉
2
+ U ′′〈nyz,xz + nxy〉
]
−
[
U〈nxy〉
2
+ 2U ′′〈nyz,xz〉
]
= δtet + (U
′′ − U/2)〈nxy − nyz,xz〉 (12)
which shows that the Coulomb renormalization identically vanishes for the realistic relation-
ship U ′′ = U/2 for 4d orbitals, as discussed in Sec. II.
There are additional contributions in the HF approximation resulting from orbital off-
diagonal spin and charge condensates which are finite due to the SOC induced spin-orbital
correlations. The contributions corresponding to different Coulomb interaction terms are
summarized in the Appendix, and can be grouped in analogy with Eq. (10) as:
[HHFint ]OOD =
∑
i,µ<ν
ψ†iµ [−σ.∆iµν + Eiµν1]ψiν (13)
where the orbital off-diagonal spin and charge fields are self-consistently determined from:
∆iµν =
(
U ′′
2
+
JH
4
)
〈σiνµ〉+
(
JP
2
)
〈σiµν〉
Eiµν =
(
−U
′′
2
+
3JH
4
)
〈niνµ〉+
(
JP
2
)
〈niµν〉 (14)
in terms of the corresponding condensates 〈σiνµ〉 ≡ 〈ψ†iνσψiµ〉 and 〈niνµ〉 ≡ 〈ψ†iν1ψiµ〉.
12
TABLE I: Self consistently determined magnetization and density values for the three orbitals (µ)
on the two sublattices (s).
µ (s) mxµ m
y
µ mzµ nµ
yz (A) 0.472 0.578 0.153 1.177
xz (A) 0.459 0.647 0.163 1.133
xy (A) 0.113 0.179 0.101 1.690
yz (B) −0.647 −0.459 0.163 1.133
xz (B) −0.578 −0.472 0.153 1.177
xy (B) −0.179 −0.113 0.101 1.690
Results of the full self consistent calculation including all spin and charge condensates
(orbital diagonal and off-diagonal) are presented below. For each orbital pair (µ, ν) =
(yz, xz), (xz, xy), (xy, yz), there are three components (α = x, y, z) for the spin condensates
〈ψ†µσαψν〉 and one charge condensate 〈ψ†µ1ψν〉. This is analogous to the three-plus-one
normal spin and charge condensates for each of the three orbitals µ = yz, xz, xy. The
magnetization and density values for the three orbitals are presented in Table I, all off-
diagonal spin and charge condensates in Table II, and the renormalized SOC values and
orbital magnetic moments in Table III. Here U = 8, ǫxy = −0.8, the bare SOC strength
λbare = 1, and the staggered octahedral rotation (tm1 = 0.2) and tilting (tm2 = tm3 = 0.15)
have been included.
As seen from Table I, the dominant yz, xz moments show the expected cantings in and
about the z direction due to the octahedral tilting and rotation (Sec. IV). However, there is
an additional small relative canting between the yz, xz moments. To understand the origin of
this effect, we consider the real part of the off-diagonal charge condensate 〈ψ†xzψyz〉 as given
in Table II. The corresponding charge term in Eq. (13) yields a normal “hopping” term
−(λ0/2)ψ†yzψxz, and the combination of this normal and spin-dependent ψ†yz(iσzλz/2)ψxz
“hopping” terms yields an effective intra-site DM interaction:
[H
(2)
eff ]
(z)
DM(i) = −
8(λ0/2)(λz/2)
U
zˆ. (Syz × Sxz) (15)
which leads to relative canting between the yz and xz moments about the z axis. The
overall −ive sign of the DM term favors canting of Syz towards x axis and Sxz towards
13
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FIG. 3: Calculated electronic band structure in the self-consistent AFM state for moderate tetrag-
onal distortion: (a) without and (b) with all off-diagonal spin and charge condensates included,
along with octahedral tilting and rotation. Colors indicate dominant orbital weight: red (yz),
green (xz), blue (xy). Here U = 8, ǫxy = −0.8, and bare SOC = 1.
y axis. Repeating the calculation with the same parameters as above but without the
octahedral rotation, so that the overall canting about the z direction is suppressed, yields
magnetization values mxyz = m
y
xz = ±0.56 and myyz = mxxz = ±0.52 on A and B sublattices,
which clearly show this relative canting effect.
Fig. 3 shows the orbital resolved electronic band structure in the self consistent AFM
state calculated for the two cases: (a) including only normal condensates, and (b) including
all off-diagonal spin and charge condensates along with octahedral rotation and tilting.
The band structure shows the narrow AFM sub bands for the magnetically active yz, xz
orbitals above and below the Fermi energy due to the dominant exchange field splitting.
The relatively smaller splitting between the xy sub bands (both below EF) is due to the
weaker effect of yz, xz moments through the Hund’s coupling. The octahedral tilting and
rotation are seen to introduce fine splittings due to the orbital mixing hopping terms.
VI. ORBITAL MAGNETIC MOMENT AND SOC RENORMALIZATION
The off-diagonal charge condensates 〈ψ†µψν〉 directly yield the orbital magnetic moments:
〈Lx〉 = 〈ψ†xz(−i)ψxy〉+ 〈ψ†xy(i)ψxz〉
= −i〈ψ†xzψxy〉+ i〈ψ†xzψxy〉∗ = 2Im〈ψ†xzψxy〉 (16)
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and similarly for the other components. Accordingly, the charge term in Eq. (13), of
which only the anti-symmetric part is non-vanishing (see Appendix), can be represented as
a coupling of orbital angular momentum operators to orbital fields:
[HHFint ]chargeOOD (i)|anti−sym = −
U ′′c|a
2
∑
µ<ν
〈nµν〉Im
[
ψ†µ(−i)ψν +H.c.
]
= −U
′′
c|a
4
[〈Lx〉Lx + 〈Ly〉Ly + 〈Lz〉Lz] (17)
which corresponds to a weak effective isotropic interaction −(U ′′c|a/8)L.L between orbital
moments, and will therefore weakly enhance the 〈Lα〉 values in the HF calculation.
Turning now to the spin part of Eq. (13), the anti-symmetric part (see Appendix) can
be represented in terms of the spin-orbital operators:
[HHFint ]spinOOD(i)|anti−sym = −(U ′′s|a/2)
∑
µ<ν
〈σµν〉Im.
[
ψ†µ(−iσ)ψν +H.c.
]
= −
∑
α=x,y,z
[
λintα LαSα +
∑
β 6=α
λintαβLαSβ
]
(18)
where the interaction-induced SOC renormalization terms:
λintα = U
′′
s|aIm〈ψ†µσαψν〉 = U ′′s|a〈ψ†µ(−iσα)ψν〉Re = U ′′s|a〈LαSα〉 (19)
for the orbital pair µ, ν corresponding to component α. Although the off-diagonal SOC
terms (LαSβ) are smaller than the diagonal terms (λ
int
αβ < λ
int
α ), they are still significant. For
TABLE II: Self consistently determined off-diagonal spin and charge condensates for the three
orbital pairs on the two sublattices.
Orbital pair 〈ψ†µσxψν〉 〈ψ†µσyψν〉 〈ψ†µσzψν〉 〈ψ†µ1ψν〉
yz − xz (A) (0.066,0.030) (0.071,0.025) (0.018,0.169) −(0.089,0.067)
xz − xy (A) (0.026,0.281) (0.057,0.126) (0.079,0.039) −(0.061,0.245)
xy − yz (A) (0.042,0.108) (0.053,0.333) (0.081,0.034) −(0.073,0.289)
yz − xz (B) −(0.071,0.025) −(0.066,0.030) (0.018,0.169) −(0.089,0.067)
xz − xy (B) (0.053,0.333) (0.042,0.108) −(0.081,0.034) (0.073,0.289)
xy − yz (B) (0.057,0.126) (0.026,0.281) −(0.079,0.039) (0.061,0.245)
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TABLE III: Self consistently determined renormalized SOC values λα = λ
bare+λintα and the orbital
magnetic moments 〈Lα〉 for α = x, y, z on the two sublattices. Bare SOC strength λbare = 1.0
s λx λy λz 〈Lx〉 〈Ly〉 〈Lz〉
A 1.898 2.065 1.540 −0.490 −0.578 −0.134
B 2.065 1.898 1.540 0.578 0.490 −0.134
example, with Im〈ψ†xzσyψxy〉 = 0.126 from Table II, we obtain λintxy ≈ U ′′ × 0.126 ≈ 0.5 on
the A sublattice, whereas the bare SOC = 1.0.
Similarly, for the symmetric part we obtain:
[HHFint ]spinOOD(i)|sym = −(U ′′s|s/2)
∑
µ<ν
〈σµν〉Re.
[
ψ†µσψν +H.c.
]
(20)
representing the coupling of the off-diagonal spin operators to real spin fields involving the
enhanced effective interaction U ′′s|s = U
′′ + 3JH/2.
We summarize here the results obtained above for moderate tetragonal distortion (ǫxy ∼
−1.0), with all orbital off-diagonal spin and charge condensates included in the self consistent
calculation. With nearly half filled yz, xz orbitals and nearly filled xy orbital, the AFM
insulating state is characterized by dominantly yz, xz moments lying in the SOC induced
easy (a− b) plane and aligned along the octahedral tilting induced easy (b) axis, with small
canting of moments in and about the crystal c axis. The spin cantings become negligible
when octahedral tilting and rotation are set to zero. Spin canting in the c direction has been
recently observed in resonant elastic X-ray scattering experiments.53 The SOC induced spin-
orbital correlations lead to strong orbital moments 〈Lx〉 and 〈Ly〉 and strongly anisotropic
Coulomb renormalized SOC values (λx, λy > λz), as shown in Tables II and III.
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FIG. 4: The reorientation transition with decreasing tetragonal distortion, as reflected in the sharp
drop in the orbital averaged planar AFM order mx−yAFM and the sharp rise in the FM order m
z
FM.
Here bare SOC = 1.0.
VII. MAGNETIC REORIENTATION TRANSITION
With decreasing tetragonal distortion, we find a sharp magnetic reorientation transition
from the dominantly a− b plane AFM order to a dominantly c axis FM order, as shown in
Fig. (4). The two orbital averaged magnetic orders shown in this plot are defined as:
mx−yAFM = (1/3)
∑
µ
[(
mxµ(A)−mxµ(B)
2
)2
+
(
myµ(A)−myµ(B)
2
)2]1/2
mzFM = (1/3)
∑
µ
mzµ (21)
The planar AFM order decreases sharply across the transition, while the FM (z) order
(which is same for both sublattices) increases sharply. The electronic state remains insulating
throughout the range of ǫxy shown, with filling n = 4. AFM correlations are seen to persist
after the transition to the FM (z) order.
The reorientation transition is even stronger for bare SOC = 0.5 which corresponds to
the realistic value of 100 meV. Results for the FM (z) order obtained for ǫxy = −0.5 with no
octahedral tilting or rotation are particularly interesting, with identical magnetization (mzµ =
0.65) and density (nµ = 4/3) for all three orbitals, and very small planar components m
x,y
µ .
The renormalized SOC and orbital moment values obtained are: λx,y,z = (0.78, 0.78, 1.28)
and 〈Lx,y,z〉 = (∓0.26,∓0.26,−0.48) on A/B sublattice. The electronic band structure in
the self consistent state is shown in Fig. 5 for this case. We find that the indirect band
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FIG. 5: Orbital resolved electronic band structure for the FM (z) order (n = 4), obtained for
reduced tetragonal distortion, with no octahedral tilting or rotation. Here bare SOC = 0.5 and
ǫxy = −0.5.
gap between valence band top at (π/2, π/2) and conduction band bottom at (π, π), (0, 0) is
reduced to nearly zero for slightly enhanced yz, xz NN hopping term corresponding to no
octahedral tilting.
Fig. 5 also shows the small orbital gap near the Fermi energy highlighting the orbital
physics. Band splittings near (π/2, 0), (π, π/2), and (0, π/2) arise from the orbital moment
interaction term (Eq. 17). Finite 〈Lx〉 and 〈Ly〉 generate orbital fields which couple to the
orbital angular momentum operators involving mixings between xy and yz, xz orbitals. The
consequent orbital field induced splitting is analogous to the usual exchange field splitting
of spin sub bands. As the orbital moment interaction term is weak, orbital gap decreasing
to zero with temperature due to melting of orbital moments should play an important role
in the insulator-metal transition. With increasing ǫxy pushing up the xy bands, the upper
xy sub-band is now seen to be straddling the orbital gap, reflecting an important interplay
between orbital physics and decreasing tetragonal distortion. The orbital gap is maintained
even as the xy spectral weight is transferred across the Fermi energy.
We also find a robust FM metallic phase for electron filling n & 4. Results of the self
consistent cacluation obtained for the same set of parameters as above (bare SOC = 0.5 and
ǫxy = −0.5) are shown in Table IV. The FM metallic phase is characterized by identically
vanishing planar magnetization components. All orbital off-diagonal condensates except for
the SOC renormalization terms 〈LαSα〉 are also identically zero. Driven by switching of the
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dominant role from yz, xz orbitals (AFM interaction) to the xy orbital (FM interaction), the
magnetic reorientation transition with decreasing tetragonal distortion as discussed above
provides a unified understanding of the planar AFM order as well as the low-temperature
FM metallic phase found in Ca2RuO4 under high pressure
18 and also in Ca2−xSrxRuO4 for
x ∼ 0.5 in neutron and DFT studies.17,21,23,30
For higher values of bare SOC, the planar AFM order is stable even for reduced tetragonal
distortion, which is expected from the SOC induced easy a−b plane anisotropy. However, in
the weak SOC regime (bare SOC . 0.5), the FM (z) order is stabilized with increasing SOC,
as seen in Fig. 6, which shows the phase boundary between the two magnetic orders. The
two axes here represent increasing bare SOC and tetragonal distortion. For realistic value of
TABLE IV: Self consistently determined magnetization and density values, along with renormalized
SOC and orbital magnetic moment values in the FM metallic phase, with bare SOC = 0.5, ǫxy =
−0.5, and no octahedral rotation and tilting.
µ mxµ m
y
µ mzµ nµ
yz 0 0 0.57 1.42
xz 0 0 0.57 1.42
xy 0 0 0.66 1.33
λx λy λz 〈Lx〉 〈Ly〉 〈Lz〉
0.73 0.73 1.55 0 0 −0.65
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FIG. 7: The spin-resolved electronic density of states for the (a) planar AFM order and (b) FM
(z) order, with same parameters as in Fig. 4(b) and Fig. 6.
bare SOC = 0.5 and slightly above the magnetic phase boundary (ǫxy = −1.0), we also find a
stable AFM metallic state for n . 4, suggesting persistence of AFM correlations even if long
range AFM order is destroyed by quantum spin fluctuations as in cuprate antiferromagnets.
This is in agreement with the antiferromagnetically correlated metallic state reported for
Ca2−xSrxRuO4 in the range 0.2 < x < 0.5.
Spin resolved electronic density of states (DOS) is shown in Fig. 7 for (a) planar AFM
and (b) FM (z) order, with same parameters as in Figs. 4(b) and 6. For FM (z) order,
Fig. 7(b) shows that states near the Fermi energy are purely minority (down) spin states,
highlighting the orbital character of the small gap as discussed for Fig. 6. Also, spin down
spectral weight for the xy orbital is transferred above the Fermi energy, whereas for yz, xz
orbitals it is transferred below, reversing the dominant orbital weight in the sub band just
below the Fermi energy from xy (planar AFM order) to yz, xz (FM order).
The importance of the orbital off-diagonal spin and charge condensates in determining
the self consistent magnetic order is illustrated by the strongly anisotropic SOC renormal-
ization and strong orbital magnetic moments, which are both magnetic order dependent.
We also note here that without the off-diagonal condensates included in the self consistent
calculation, the planar AFM order is obtained even for reduced tetragonal distortion (down
to ǫxy = −0.3). The off-diagonal condensates are therefore responsible for the reorientation
transition from planar AFM order to FM (z) order.
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FIG. 8: Variation of the (a) yz, xz orbital densities (upper panel) and x, y components of the
sublattice magnetization (lower panel), (b) x, y components of the interaction induced SOC renor-
malizations (upper panel) and orbital magnetic moments (lower panel), with iteration in the self
consistency process for the planar AFM order. Here bare SOC = 1.0 and ǫxy = −0.8.
VIII. SPIN-ORBITAL-CHARGE COUPLING
Spin orientation in the AFM state affects orbital densities due to strong spin-orbital-
charge coupling in Ca2RuO4. Fig. 8(a) shows the variation of yz, xz orbital densities
(summed over both sublattices) with iterations in the self-consistency process, starting with
spins oriented towards the x direction. Also shown are the sublattice magnetization com-
ponents mxav and m
y
av averaged for yz, xz orbitals. Initially, we find that nxz > nyz , whereas
the two densities converge as the spin orientation approaches the self-consistent easy-axis
(φ = π/4) direction. This implies that the planar Goldstone mode, corresponding to rigid
spin rotation away from the easy axis towards x (y) axis, will be associated with ferro or-
bital fluctuation due to density transfer between orbitals. In contrast, the out-of-phase (zone
boundary) fluctuation mode, with spin twistings towards x (y) and −y (−x) directions on
A and B sublattices, respectively, will be associated with antiferro orbital fluctuation with
opposite sign of nxz − nyz on the two sublattices. The physical quantities related to orbital
off-diagonal condensates also show [Fig. 8(b)] strong dependence on the spin orientation.
Quite generally, since the self consistent determination of magnetic order requires all
spin and charge condensates to be included, investigation of the fluctuation propagator
must therefore necessarily involve the generalized spin (ψ†µσψν) and charge (ψ
†
µψν) operators
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including both orbital diagonal and off-diagonal parts. This requires consideration of the
generalized time-ordered fluctuation propagator:
[χ(q, ω)] =
∫
dt
∑
i
eiω(t−t
′)e−iq.(ri−rj) × 〈Ψ0|T [Oαµν(i, t)Oα
′
µ′ν′(j, t
′)]|Ψ0〉 (22)
in the self-consistent AFM ground state |Ψ0〉, where the generalized spin-charge operators
at lattice sites i, j are defined as Oαµν = ψ
†
µσ
αψν , which include both the orbital diagonal
(µ = ν) and off-diagonal (µ 6= ν) cases, and the spin (α = x, y, z) and charge (α = c)
operators, with σα defined as Pauli matrices for α = x, y, z and unit matrix for α = c.
Investigation of the generalized fluctuation propagator can reveal if the planar Goldstone
mode acquires a finite mass due to the strong spin-orbital-charge coupling, as reflected in
the ferro and antiferro orbital fluctuations associated with in-phase and out-of-phase spin
twisting modes. The spin-orbital-charge coupling clearly highlights the strong deviation
from conventional Heisenberg behaviour in effective spin models, as discussed recently to
account for the magnetic excitation measurements in INS experiments.40
IX. CONCLUSIONS
Including the orbital off-diagonal spin and charge condensates in the self consistent de-
termination of magnetic order illustrates the rich interplay between the different physical
elements in the 4d4 compound Ca2RuO4. These include SOC induced easy-plane anisotropy,
octahedral tilting induced easy-axis anisotropy, spin-orbital coupling induced orbital mag-
netic moments, Coulomb interaction induced anisotropic SOC renormalization, decreasing
tetragonal distortion induced magnetic reorientation transition from planar AFM order to
FM (z) order, and orbital moment interaction induced orbital gap. Stable FM and AFM
metallic states were also obtained near the magnetic phase boundary separating the two
magnetic orders. Since the orbital off-diagonal condensates contribute on the same footing
as the normal condensates, the coupled spin-orbital-charge fluctuations must be investigated
within a unified formalism involving the generalized spin and charge operators including or-
bital off-diagonal terms.
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Appendix: Orbital off-diagonal condensates in the HF approximation
The additional contributions in the HF approximation arising from the orbital off-diagonal
spin and charge condensates are given below. For the density, Hund’s coupling, and pair
hopping interaction terms in Eq. 3, we obtain (for site i):
U ′′
∑
µ<ν
nµnν → −U
′′
2
∑
µ<ν
[nµν〈nνµ〉+ σµν .〈σνµ〉] + H.c.
−2JH
∑
µ<ν
Sµ.Sν → JH
4
∑
µ<ν
[3nµν〈nνµ〉 − σµν .〈σνµ〉] + H.c.
JP
∑
µ6=ν
a†µ↑a
†
µ↓aν↓aν↑ →
JP
2
∑
µ<ν
[nµν〈nµν〉 − σµν .〈σµν〉] + H.c. (A.1)
in terms of the orbital off-diagonal spin (σµν = ψ
†
µσψν) and charge (nµν = ψ
†
µ1ψν) oper-
ators. The orbital off-diagonal condensates are finite due to the SOC-induced spin-orbital
correlations. These additional terms in the HF theory explicitly preserve the SU(2) spin
rotation symmetry of the various Coulomb interaction terms.
Collecting all the spin and charge terms together, we obtain the orbital off-diagonal
(OOD) contributions of the Coulomb interaction terms:
[HHFint ]OOD =
∑
µ<ν
[(
−U
′′
2
+
3JH
4
)
nµν〈nνµ〉+
(
JP
2
)
nµν〈nµν〉
−
(
U ′′
2
+
JH
4
)
σµν .〈σνµ〉 −
(
JP
2
)
σµν .〈σµν〉
]
+H.c. (A.2)
Separating the condensates 〈nµν〉 = 〈nµν〉Re + i〈nµν〉Im into real and imaginary parts in
order to simplify using 〈nνµ〉 = 〈nµν〉∗, and similarly for 〈σµν〉, allows for organizing the
OOD charge and spin contributions into orbital symmetric and anti-symmetric parts:
[HHFint ]OOD = −
U ′′c|s
2
∑
µ<ν
〈nµν〉Re [nµν +H.c.]−
U ′′c|a
2
∑
µ<ν
〈nµν〉Im [−inµν +H.c.]
− U
′′
s|s
2
∑
µ<ν
〈σµν〉Re. [σµν +H.c.]−
U ′′s|a
2
∑
µ<ν
〈σµν〉Im. [−iσµν +H.c.] (A.3)
where the effective interaction terms above are obtained as:
U ′′c|a = U
′′
s|a = U
′′ − JH/2 = U − 3JH
U ′′s|s = U
′′ + 3JH/2 = U − JH
U ′′c|s = U
′′ − 5JH/2 = U − 5JH (A.4)
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using JP = JH. While the effective interaction U
′′
s|s (spin term, symmetric part) is enhanced
relative to U ′′, the corresponding charge term interaction U ′′c|s vanishes for JH = U/5.
∗ Electronic address: avinas@iitk.ac.in
1 W. Witczak-Krempa, G. Chen, Y. B. Kim, and L. Balents, Correlated Quantum Phenomena in
the Strong Spin-Orbit Regime, Ann. Rev. Condens. Mat. Phys. 5, 5782 (2014).
2 G. Cao and P. Schlottmann, The Challenge of Spin–Orbit-Tuned Ground States in Iridates: A
Key Issues Review, Rep. Prog. Phys. 81, 042502 (2018).
3 B. J. Kim, H. Jin, S. J. Moon, J.-Y. Kim, B.-G. Park, C. S. Leem, J. Yu, T. W. Noh, C. Kim,
S.-J. Oh, J.-H. Park, V. Durairaj, G. Cao, and E. Rotenberg, Novel Jeff = 1/2 Mott State
Induced by Relativistic Spin-Orbit Coupling in Sr2IrO4, Phys. Rev. Lett. 101, 076402 (2008).
4 S. Mohapatra, J. van den Brink, and A. Singh, Magnetic Excitations in a Three-Orbital Model
for the Strongly Spin-Orbit Coupled Iridates: Effect of Mixing Between the J = 1/2 and 3/2
Sectors, Phys. Rev. B 95, 094435 (2017).
5 S. Mohapatra and A. Singh, Pseudo-Spin Rotation Symmetry Breaking by Coulomb Interaction
Terms in Spin-Orbit Coupled Systems, arXiv:2001.00190 (2020).
6 S. Mohapatra and A. Singh, Correlated Motion of Particle-Hole Excitations Across the Renor-
malized Spin-Orbit Gap in Sr2IrO4, J. Magn. Magn. Mater 512, 166997 (2020).
7 S. Mohapatra, S. Aditya, R. Mukherjee, and A. Singh, Octahedral Tilting Induced Isospin
Reorientation Transition in Iridate Heterostructures, Phys. Rev. B 100, 140409(R) (2019).
8 S. Fuchs, T. Dey, G. Aslan-Cansever, A. Maljuk, S. Wurmehl, B. Bu¨chner, and V. Kataev,
Unraveling the Nature of Magnetism of the 5d4 Double Perovskite Ba2YIrO6, Phys. Rev. Lett.
120, 237204 (2018).
9 J. C. Wang, J. Terzic, T. F. Qi, Feng Ye, S. J. Yuan, S. Aswartham, S. V. Streltsov,D. I. Khom-
skii, R. K. Kaul, and G. Cao, Lattice-Tuned Magnetism of Ru4+(4d4) Ions in Single Crystals of
the Layered Honeycomb Ruthenates Li2RuO3 and Na2RuO3, Phys. Rev. B 90, 161110 (2014).
10 G. Cao, T. F. Qi, L. Li, J. Terzic, S. J. Yuan, L. E. DeLong, G. Murthy, and R. K. Kaul, Novel
Magnetism of Ir5+ (5d4) Ions in the Double Perovskite Sr2YIrO6, Phys. Rev. Lett. 112, 056402
(2014).
11 M. A. Laguna-Marco, P. Kayser, J. A. Alonso, M. J. Martnez-Lope, M. van Veenen-daal, Y.
24
Choi, and D. Haskel, Electronic Structure, Local Magnetism, and Spin-Orbit Effects of Ir(IV)-,
Ir(V)-, and Ir(VI)-Based Compounds, Phys. Rev. B 91, 214433 (2015).
12 S. Bhowal, S. Baidya, I. Dasgupta, and T. Saha-Dasgupta, Breakdown of J = 0 Nonmagnetic
State in d4 Iridate Double Perovskites: A First-Principles Study, Phys. Rev. B 92, 121113
(2015).
13 T. Dey, A. Maljuk, D. V. Efremov, O. Kataeva, S. Gass, C. G. F. Blum, F. Steckel, D. Gruner,
T. Ritschel, A. U. B. Wolter, J. Geck, C. Hess, K. Koepernik, J. van den Brink, S. Wurmehl,
and B. Bu¨chner, Ba2YIrO6: A Cubic Double Perovskite Material with Ir
5+ Ions, Phys. Rev. B
93, 014434 (2016).
14 S. Nakatsuji, S.-i. Ikeda, and Y. Maeno, Ca2RuO4: New Mott Insulators of Layered Ruthenate,
J. Phys. Soc. Jpn 66(7), 1868 (1997).
15 M. Braden, G. Andre´, S. Nakatsuji, and Y. Maeno, Crystal and Magnetic Structure of Ca2RuO4:
Magnetoelastic Coupling and the Metal-Insulator Transition, Phys. Rev. B 58, 847 (1998).
16 C. S. Alexander, G. Cao, V. Dobrosavljevic, S. McCall, J. E. Crow, E. Lochner, and R. P.
Guertin, Destruction of the Mott Insulating Ground State of Ca2RuO4 by a Structural Transi-
tion, Phys. Rev. B 60, R8422 (1999).
17 O. Friedt, M. Braden, G. Andre´, P. Adelmann, S. Nakatsuji, and Y. Maeno, Structural and
Magnetic Aspects of the Metal-Insulator Transition in Ca2−xSrxRuO4, Phys. Rev. B 63, 174432
(2001).
18 F. Nakamura, T. Goko, M. Ito, T. Fujita, S. Nakatsuji, H. Fukazawa, Y. Maeno, P. Alireza, D.
Forsythe, and S. R. Julian, From Mott Insulator to Ferromagnetic Metal: A Pressure Study of
Ca2RuO4, Phys. Rev. B 65, 220402(R) (2002).
19 E. Gorelov, M. Karolak, T. O. Wehling, F. Lechermann, A. I. Lichtenstein, and E. Pavarini,
Nature of the Mott Transition in Ca2RuO4, Phys. Rev. Lett. 104, 226401 (2010).
20 S. Nakatsuji and Y. Maeno, Quasi-Two-Dimensional Mott Transition System Ca2−xSrxRuO4,
Phys. Rev. Lett. 84, 2666 (2000).
21 Z. Fang and K. Terakura. Magnetic Phase Diagram of Ca2−xSrxRuO4 Governed by Structural
Distortions, Phys. Rev. B 64, 020509 (2001).
22 S. Kunkemo¨ller, D. Khomskii, P. Steffens, A. Piovano, A. A. Nugroho, and M. Braden, Highly
Anisotropic Magnon Dispersion in Ca2RuO4: Evidence for Strong Spin-Orbit Coupling, Phys.
Rev. Lett. 115, 247201 (2015).
25
23 S. Nakatsuji and Y. Maeno, Switching of Magnetic Coupling by a Structural Symmetry Change
Near the Mott Transition in Ca2−xSrxRuO4, Phys. Rev. B 62, 6458 (2000).
24 P. Steffens, O. Friedt, P. Alireza, W. G. Marshall, W. Schmidt, F. Nakamura, S. Nakatsuji, Y.
Maeno, R. Lengsdorf, M. M. Abd-Elmeguid, and M. Braden, High-Pressure Diffraction Studies
on Ca2RuO4, Phys. Rev. B 72, 094104 (2005).
25 C. Dietl, S. K. Sinha, G. Christiani, Y. Khaydukov, T. Keller, D. Putzky, S. Ibrahimkutty, P.
Wochner, G. Logvenov, P. A. van Aken, B. J. Kim, and B. Keimer, Tailoring the Electronic
Properties of Ca2RuO4 via Epitaxial Strain, Appl. Phys. Lett. 112, 031902 (2018).
26 P. Steffens, O. Friedt, Y. Sidis, P. Link, J. Kulda, K. Schmalzl, S. Nakatsuji, M. Braden, Mag-
netic Excitations in the Metallic Single-Layer Ruthenates Ca2−xSrxRuO4 Studied by Inelastic
Neutron Scattering, Phys. Rev. B 83, 054429 (2011).
27 F. Nakamura, M. Sakaki, Y. Yamanaka, S. Tamaru, T. Suzuki, and Y. Maeno, Electric-Field-
Induced Metal Maintained by Current of the Mott Insulator Ca2RuO4, Sci. Rep. 3, 2536 (2013).
28 R. Okazaki, Y. Nishina, Y. Yasui, F. Nakamura, T. Suzuki, and I. Terasaki, Current-Induced
Gap Suppression in the Mott Insulator Ca2RuO4, J. Phys. Soc. Jpn. 82, 103702 (2013).
29 C. Sow, S. Yonezawa, S. Kitamura, T. Oka, K. Kuroki, F. Nakamura, and Y. Maeno, Current-
Induced Strong Diamagnetism in the Mott Insulator Ca2RuO4, Science 358, 1084 (2017).
30 Z. Fang, N. Nagaosa, and K. Terakura, Orbital-Dependent Phase Control in Ca2−xSrxRuO4
(0 . x . 0.5), Phys. Rev. B 69, 045116 (2004).
31 A. Liebsch and H. Ishida, Subband Filling and Mott Transition in Ca2−xSrxRuO4, Phys. Rev.
Lett. 98, 216403 (2007).
32 G. Zhang and E. Pavarini, Mott transition, Spin-Orbit Effects, and Magnetism in Ca2RuO4,
Phys. Rev. B 95, 075145 (2017).
33 C. G. Fatuzzo, M. Dantz, S. Fatale, P. Olalde-Velasco, N. E. Shaik, B. Dalla Piazza, S. Toth,
J. Pelliciari, R. Fittipaldi, A. Vecchione, N. Kikugawa, J. S. Brooks, H. M. Rønnow, M. Grioni,
Ch. Ru¨egg, T. Schmitt, and J. Chang, Spin-Orbit-Induced Orbital Excitations in Sr2RuO4 and
Ca2RuO4: A Resonant Inelastic X-ray Scattering Study, Phys. Rev. B 91, 155104 (2015).
34 D. Sutter, C. G. Fatuzzo, S. Moser, M. Kim, R. Fittipaldi, A. Vecchione, V. Granata, Y. Sassa,
F. Cossalter, G. Gatti, M. Grioni, H. M. Rønnow, N. C. Plumb, C. E. Matt, M. Shi, M. Hoesch,
T. K. Kim, T.-R. Chang, H.-T. Jeng, C. Jozwiak, A. Bostwick, E. Rotenberg, A. Georges, T.
Neupert, and J. Chang, Hallmarks of Hund’s Coupling in the Mott Insulator Ca2RuO4, Nat.
26
Comm. 8, 15176 (2017).
35 G. Khaliullin, Excitonic Magnetism in Van Vleck–type d4 Mott Insulators, Phys. Rev. Lett.
111, 197201 (2013).
36 A. Akbari and G. Khaliullin, Magnetic Excitations in a Spin-Orbit-Coupled d4 Mott Insulator
on the Square Lattice, Phys. Rev. B 90, 035137 (2014).
37 D. I. Khomskii, Transition Metal Compounds (Cambridge University Press, Cambridge, Eng-
land, 2014).
38 O. Meetei, C. Nganba , S. William, M. Randeria, and N. Trivedi, Novel Magnetic State in d4
Mott Insulators, Phys. Rev. B 91, 054412 (2015).
39 T. Feldmaier, P. Strobel, M. Schmid, P. Hansmann, and M. Daghofer, Excitonic Magnetism at
the Intersection of Spin-Orbit Coupling and Crystal-Field Splitting, arXiv:1910.13977 (2019).
40 A. Jain, M. Krautloher, J. Porras, G. H. Ryu, D. P. Chen, D. L. Abernathy, J. T. Park, A.
Ivanov, J. Chaloupka, G. Khaliullin, B. Keimer, and B. J. Kim, Higgs Mode and Its Decay in a
Two-Dimensional Antiferromagnet, Nat. Phys. 13, 633 (2017).
41 L. Das, F. Forte, R. Fittipaldi, C. G. Fatuzzo, V. Granata, O. Ivashko, M. Horio, F. Schindler,
M. Dantz, Yi Tseng, D. E. McNally, H. M. Rønnow, W. Wan, N. B. Christensen, J. Pelliciari, P.
Olalde-Velasco, N. Kikugawa, T. Neupert, A. Vecchione, T. Schmitt, M. Cuoco, and J. Chang,
Spin-Orbital Excitations in Ca2RuO4 Revealed by Resonant Inelastic X-Ray Scattering, Phys.
Rev. X 8, 011048 (2018).
42 H. Gretarsson, H. Suzuki, H. Kim, K. Ueda, M. Krautloher, B. J. Kim, H. Yava, G. Khaliullin,
and B. Keimer, Observation of Spin-Orbit Excitations and Hund’s multiplets in Ca2RuO4, Phys.
Rev. B 100, 045123 (2019).
43 A. V. Puchkov, M. C. Schabel, D. N. Basov, T. Startseva, G. Cao, T. Timusk, and Z.-X. Shen,
Layered Ruthenium Oxides: From Band Metal to Mott Insulator, Phys. Rev. Lett. 81, 2747
(1998).
44 K. Park, Electronic Structure Calculations for Layered LaSrMnO4 and Ca2RuO4, J. Phys.:
Condens. Matt. 13(41), 9231 (2001).
45 G.-Q. Liu, Spin-Orbit Coupling Induced Mott Transition in Ca2−xSrxRuO4 (0 ≤ x ≤ 0.2), Phys.
Rev. B 84, 235136 (2011).
46 S. Acharya, D. Dey, T. Maitra, and A. Taraphder, Quantum Criticality Associated with Di-
mensional Crossover in the Iso-electronic Series Ca2−xSrxRuO4, J. Phys. Commun. 2, 075004
27
(2018).
47 J. Bertinshaw, N. Gurung, P. Jorba, H. Liu, M. Schmid, D. T. Mantadakis, M. Daghofer,
M. Krautloher, A. Jain, G. H. Ryu, O. Fabelo, P. Hansmann, G. Khaliullin, C. Pfleiderer,
B. Keimer, and B. J. Kim, Unique Crystal Structure of Ca2RuO4 in the Current Stabilized
Semimetallic State, Phys. Rev. Lett. 123, 137204 (2019).
48 H. Hao, A. Georges, A. J. Millis, B. Rubenstein, Q. Han, and H. Shi, Metal-Insulator and Mag-
netic Phase Diagram of Ca2RuO4 from Auxiliary Field Quantum Monte Carlo and Dynamical
Mean Field Theory, arXiv:1911.02702 (2019).
49 N. Kaushal, J. Herbrych, A. Nocera, G. Alvarez, A. Moreo, F. A. Reboredo, and E. Dagotto,
Density Matrix Renormalization Group Study of a Three-Orbital Hubbard Model with Spin-Orbit
Coupling in One Dimension, Phys. Rev. B 96, 155111 (2017).
50 T. Sato, T. Shirakawa, and S. Yunoki, Spin-Orbital Entangled Excitonic Insulator with
Quadrupole Order, Phys. Rev. B 99, 075117 (2019).
51 T. Mizokawa, L. H. Tjeng, G. A. Sawatzky, G. Ghiringhelli, O. Tjernberg, N. B. Brookes, H.
Fukazawa, S. Nakatsuji, and Y. Maeno, Spin-Orbit Coupling in the Mott Insulator Ca2RuO4,
Phys. Rev. Lett. 87, 077202 (2001).
52 S. Mohapatra and A. Singh, Spin Waves and Stability of Zigzag Order in the Hubbard Model with
Spin-Dependent Hopping Terms: Application to the Honeycomb Lattice Compounds Na2IrO3
and α-RuCl3, J. Magn. Magn. Mater 479, 229 (2019).
53 D. G. Porter, V. Granata, F. Forte, S. Di Matteo, M. Cuoco, R. Fittipaldi, A. Vecchione, and
A. Bombardi, Magnetic Anisotropy and Orbital Ordering in Ca2RuO4, Phys. Rev. B 98, 125142
(2018).
